1. Introduction {#sec1}
===============

1.1. The need for a framework to understand the factors associated to cardiac vagal control {#sec1.1}
-------------------------------------------------------------------------------------------

The phenomenon of heart rate variability (HRV), representing the change in the time intervals between adjacent heartbeats ([@bib241]), was first reported as an observation in a horse by Hales in 1733, as described by [@bib24]. Since then, it has been the focus of an extensive amount of research, mainly due to the fact it can index non-invasively the activity of the vagus nerve ([@bib24]; [@bib48]; [@bib154]; [@bib170]), the main nerve of the parasympathetic nervous system, and more specifically the activity of the vagus nerve modulating cardiac functioning, which we refer thereafter as cardiac vagal control (CVC). CVC is linked with a broad range of self-regulation phenomena such as cognitive performance, emotion and stress regulation, health, and social interactions ([@bib215]; [@bib241]; [@bib271]). The amount of CVC research is quite impressive: on the 2^nd^ of March 2018, using the search engine of the Web of Science (Thomson Reuters), a search including keywords linked to CVC returned about 40,000 unique results (see Section [2.1](#sec2.1){ref-type="sec"} for details). At the theoretical level, a summarising and categorising endeavour seems crucial in order to acquire a comprehensive overview of the factors associated to CVC. At the applied level, such summarising and categorising endeavour would increase awareness of the potential risk factors for CVC, and help to understand the factors able to improve it. Therefore, the aim of this paper is to provide a unifying conceptual framework of factors influencing CVC.

### 1.1.1. Framework rationale {#sec1.1.1}

Two main theoretical accounts exist regarding CVC: the neurovisceral integration model (R. [@bib249]; [@bib271]) and the polyvagal theory ([@bib215]). While the predictions of the neurovisceral integration model cover cognition, emotion, and health, the polyvagal theory focuses on social functioning. Given the neurovisceral integration model is the more complete regarding its predictions related to CVC, we focus on this model to ground the physiological aspects of the framework developed in this paper. The neurovisceral integration model assumes that a higher CVC is linked to an overall better self-regulation of the organism, and specifically to better executive functioning, better stress and emotion regulation, and better health ([@bib268]; [@bib271]). The neurovisceral integration model is based on the central autonomic network ([@bib22]), a functional network which links the heart to the prefrontal cortex. A full description of the central autonomic network is beyond the scope of this paper, however interested readers can refer to [@bib271] for a detailed explanation of its role in self-regulation processes. Finally, another recent theoretical development about CVC, the vagal tank theory ([@bib153]), based on the neurovisceral integration model (R. [@bib249]; [@bib271]) and the polyvagal theory ([@bib215]), points out the importance to consider the 3Rs of CVC functioning (i.e., resting, reactivity, and recovery) ([@bib154]). The main focus of this theory is to understand the importance of both tonic and phasic CVC in line with the implications associated to adaptation. Those three adaptations mechanisms will be taken into account in developing this framework, with a focus on resting CVC.

CVC is genetically inherited to a certain extent ([@bib195], [@bib196]; [@bib288]) and relatively stable. Consequently, many studies differentiate between participants high and low in resting CVC ([@bib271]). However, even if CVC is to some extent genetically determined and relatively stable, there are many factors associated to it, positively and negatively, on a short- or long-term basis. To date, no summary endeavour has been taken to integrate comprehensively those associations (for an exception focusing on physiological and environmental factors, see [@bib84]). This hinders the development of the research field, because for researchers investigating CVC a fastidious search for influential factors has to be performed independently before beginning empirical work, which adds to the methodological aspects to consider when realizing research with CVC ([@bib154]; [@bib217]; [@bib219]). This fastidious search currently resembles an effort to collect some pieces of an immense puzzle corresponding to the huge amount of scientific work published on CVC each year. This would also allow the development of a sound theoretical basis on which future empirical work can find solid foundations. This is an important endeavour given the relationship between CVC with cognitive, emotional, social, and health regulation, and generally all mechanisms related to the successful adaptation of the organism to the challenges individuals face on an everyday basis, as depicted by the neurovisceral integration model ([@bib271]).

In developing this framework it will create an important advancement at the theoretical level to serve as a ground to build further research upon, such as investigating dose-response relationships, quantifying effects in terms of magnitude and duration, as well as delineating improvement and impairment thresholds. A systematic categorisation of factors influencing CVC will also contribute to refining the predictions of the neurovisceral integration model ([@bib271]), giving the opportunity to test empirically whether its predictions apply regardless of the source affecting CVC changes, and eventually refine them. Indeed, the majority of support considers higher CVC as a positive phenomenon (i.e., linear relationship), however in some cases a non-linear relationship depicts the relationship between CVC and positive adaptation ([@bib139]; [@bib140]; [@bib255]). The development of this framework will enable a more systematic scrutinization of these linear and non-linear relationships between CVC and adaptation processes according to the large range of factors associated to it. At the methodological level, it is thought to guide researchers designing experiments aimed for example either to increase CVC or to understand better how it can get depleted, completing recent recommendations on the topic ([@bib154]). Furthermore it can inform researchers about the confounding factors that might influence their results. At the applied level, it is aimed to inspire people in regard to the many ways that exist to take care of aspects of their lives related to their mental and physical health, given the established links of CVC with cognition, emotion, and general health ([@bib271]). It can also help to inform practitioners about CVC and to understand how to measure it and to influence it in their own and clients daily lives in order to improve their self-regulatory abilities ([@bib238]).

### 1.1.2. Ecological rationality to structure the factors influencing CVC {#sec1.1.2}

We structure our unifying conceptual framework of factors influencing CVC according to the theory of ecological rationality ([@bib277]), which assumes that human reasoning and behaviour are considered ecologically rational when they are adapted to the environment in which humans evolve. A metaphor from Simon is often used to represent ecological rationality depicting human rational behaviour as being "shaped by a scissors whose two blades are the structure of task environments and the computational capabilities of the actor" ([@bib244], p. 7). Therefore both the person and environment are separate domains in themselves however they do intersect, when the blades meet, in order to create another domain, person/environment. According to this theory, person specifically describes the properties of the human mind referring to its computational capacities, and environment is conceived according to its physical and social structure. Person/environment would be considered according to the notion of fit between the computational capacities of humans and the structure of the environment where humans evolve in a given moment. Given that CVC is expected to reflect the adaptive fit between the person and the environment ([@bib271]; [@bib272]), the ecological rationality framework seems an appropriate basis to underpin our framework. Thus we build upon this person/environment distinction to formulate our conceptual framework integrating the factors influencing CVC (see [Fig. 1](#fig1){ref-type="fig"}).Figure 1Illustration of the unifying conceptual framework of factors influencing cardiac vagal control, based on the ecological rationality theory. This figure illustrates how the many factors highlighted in the unifying conceptual framework of factors influencing cardiac vagal control (CVC) serve as input to the central autonomic network. Depending on the effect of each factor, the central autonomic network will react in order to face the current demands. The primary outputs of the central autonomic network are sympathetic activity and CVC, which are sent to the heart via the stellate ganglia and the vagus nerve. CVC serves as an indicator of how well self-regulatory resources can be used to meet demands. Only CVC and not sympathetic activity is displayed here, given CVC represents the main influence on heart rate variability, the time variability observed between each heart beat. The complex relationship between the central autonomic network, CVC, and heart rate variability will influence behaviour and in a reciprocal fashion will feedback to the unifying conceptual framework of factors influencing CVC.Figure 1

We acknowledge that we do not use the original definitions of person and environment from the ecological rationality framework. This is due to the fact that we adapt them to match our perspective on CVC. Furthermore, this means that we do not use the original predictions of ecological rationality theory but instead use the overarching structure of the theory that matches the approach of CVC as adaptive fit between both the person and environment. Hence, specifically in our framework, after adapting the ecological rationality theory to fit CVC, we define the person dimension as reflecting the factors influencing CVC having the individual at their core.

Within the person dimension we delineate three major CVC associations: biological characteristics, being either stable or transient; somatic interventions and stimulation methods; and behavioural strategies, reflecting all actions that one could take to influence CVC. The environment dimension reflects all factors influencing CVC having the environment at their core, which is further elaborated as being either social or physical. Social environment refers to all interactions, or absence of interactions, of an individual with other people, extended as well to interactions with animals. Physical environment refers to the physical properties of the environment. Finally, the person-environment dimension reflects the interaction between the person and the environment associated to CVC. The main category here will be stressors, being physical, mental, or health-related.

2. Main text {#sec2}
============

2.1. Survey methodology {#sec2.1}
-----------------------

### 2.1.1. Inclusion and exclusion criteria {#sec2.1.1}

In terms of variables included, CVC is reflected in four parameters of HRV ([@bib48]; [@bib98]; [@bib154]; [@bib170]): for the time-domain, the root mean square of the sum of the squared differences between adjacent normal RR intervals (RMSSD), the percentage of successive normal sinus RR intervals more than 50 ms (pNN50), and the peak-valley analysis (also referred to as peak-to-trough), and for the frequency-domain, high-frequency (HF). Whenever possible, we will refer in this paper to research based on one of those four CVC indicators. In addition, we considered as well another HRV indicator that can also represent CVC which is known as respiratory sinus arrhythmia (RSA). RSA is the heart rate variations related to the respiratory cycle ([@bib76]), which is equivalent to HF and is therefore also supposed to represent CVC ([@bib25]), when the respiratory frequency is comprised between 9 and 24 cpm ([@bib170]). In this framework, we discarded studies indicating only increases or decreases in HRV without mentioning exactly which HRV parameter was involved, because in this case the role of CVC can\'t be properly inferred. Moreover, we discarded also work based on the sympatho-vagal balance ([@bib181]), which is reflected by the low frequency/HF ratio. This is due to the mechanisms underlying the links of the sympatho-vagal balance with behaviour which are far less obvious than the links with CVC ([@bib28]; [@bib219]).

Finally, one element that will be excluded from this unifying conceptual framework is research on CVC in animals. Although CVC can be found in all vertebrates ([@bib265]) and if similar mechanisms as those depicted in humans can be observed in mammalians ([@bib215]) as well as in non-mammalian species ([@bib183]; [@bib266]; [@bib267]), this paper will focus specifically on human studies, and we will therefore not report any animal studies (e.g., [@bib44]; [@bib141]; [@bib285]).

### 2.1.2. Search strategies {#sec2.1.2}

To establish this framework, we adopted two complementary strategies: top-down, starting from the ecological rationality theory and the person and environment dimensions; and bottom-up, with a systematic literature search. This search was realized on the 2^nd^ of March 2018, using the search engine of the Web of Science (Thomson Reuters). The following keywords were used: "heart rate variability", returning 24,158 results, "vagal", returning 17,456 results, "parasympathetic", returning 11,987 results, and "respiratory sinus arrhythmia", returning 2,643 results. A combined search of those 4 keywords provided a total of 43,293 unique results, that were first systematically scanned for titles, and then when deemed necessary for abstracts and full texts. The main principles of a general inductive approach were followed to generate the categories from this literature search ([@bib275]). The three authors discussed the categories until consensus was reached regarding the final categorization. The final categorization system was fine-tuned during discussions within authors\' working groups, which involved researchers experienced either in ecological rationality theory or CVC research.

Subsequently we elaborate on the above-mentioned categories to complete the unifying conceptual framework of factors associated to CVC, providing examples for each category we introduce. Unless mentioned specifically, we refer always to resting CVC. We would like to point out that the following is not an exhaustive and systematic presentation of all factors within each category, considering every single potential moderator, but rather serves as an illustration in order for the reader to get a clearer picture of the content of the unifying conceptual framework. Moreover, we don\'t assume any direct causal relationships between the factors we mention and CVC, given often CVC may be a by-product of other processes. We acknowledge that specific mechanisms may be at stake between each factor and CVC, however detailing systematically those mechanisms for each factor would be out of the scope of this paper. Consequently, our aim in the following is to introduce our framework, presenting its building blocks and listing a number of examples to illustrate each category, without claiming to be exhaustive regarding all factors belonging to a specific category, nor detailing the mechanisms linking each factor to CVC.

2.2. A unifying conceptual framework of factors influencing CVC {#sec2.2}
---------------------------------------------------------------

### 2.2.1. Person {#sec2.2.1}

Within this section we focus directly on the person dimension of the framework. This is defined as factors influencing CVC that stem directly from biological characteristics, somatic interventions and stimulation methods, or behavioural strategies used by the individual.

#### 2.2.1.1. Biological characteristics {#sec2.2.1.1}

Biological characteristics include both stable and transient constructs that affect CVC directly from the biological level.

##### 2.2.1.1.1. Stable biological characteristics {#sec2.2.1.1.1}

Regarding the stable biological characteristics of a person, there are some main findings regarding gender, age, body composition, ethnicity, and genetics. Concerning gender, it has been found that resting CVC was greater among women compared with men in all different ages, as shown by 24-hour ECG recording ([@bib9]) and resting measures ([@bib39]). Regarding age, CVC generally decreases during the years when considering an adult population ([@bib9]). In relation to body composition, a higher level of fat mass, percentage fat and waist-to-hips ratio are associated with lower CVC ([@bib130]), while fat-free mass was related to higher CVC ([@bib227]). Overweight was associated with a lower CVC ([@bib6]). Regarding ethnicity, in a systematic meta-analysis Afro-Americans were found to have a higher CVC than European Americans ([@bib110]). Considering genetics, CVC is genetically inherited to a certain extent, as evidenced by both resting and ambulatory measurements ([@bib95]; [@bib195], [@bib196]; [@bib288]). The association of stable biological characteristics will be coupled to more changeable biological factors, as we detail below.

##### 2.2.1.1.2. Transient biological characteristics {#sec2.2.1.1.2}

Regarding the transient biological characteristics, we present as examples weight loss, circadian rhythm, body position, bladder filling, breathing, blood pressure, body temperature, and hormones. In adults, a moderate weight loss in overweight and obese individuals results immediately in CVC increase ([@bib245]). Circadian rhythm is associated to CVC with a lower CVC during wake periods and a maximum for CVC being reached during the night ([@bib36]). Body position is associated to CVC, being highest in supine, then seated, and lowest in standing ([@bib295]). In a further comparison to supine position, the right lateral decubitus position increases CVC more than supine ([@bib146]). Finally, endogenous factors associated to CVC include bladder filling ([@bib107]), blood pressure ([@bib216]), body temperature ([@bib46]), breathing ([@bib76]), hormones ([@bib11]) and menstrual cycle ([@bib15]).

In review, both stable and transient biological characteristics are associated to CVC, and should hence be considered attentively by researchers, as they may influence results when testing the predictions of the neurovisceral integration model ([@bib271]). Hence they should be taken into account when designing experiments and when interpreting the results. While the individual can\'t influence most of these factors, a more active choice is presented in the next two categories, somatic interventions and stimulation methods, and behavioural strategies.

#### 2.2.1.2. Somatic interventions and stimulation methods {#sec2.2.1.2}

Given the fact that many pathologies are associated to a decreased CVC ([@bib273]), influencing CVC has been a focus of medical research. Specifically, somatic interventions and stimulation methods to influence CVC consist of pharmacologic factors, vagus nerve stimulation, transcutaneous vagus nerve stimulation, brain stimulation, carotid baroreceptors stimulation, esophageal electrostimulation, and oxygen inhalation.

##### 2.2.1.2.1. Pharmacologic factors {#sec2.2.1.2.1}

The first category addresses specific drugs or molecules that have the potential to influence CVC. Drugs can increase or inhibit CVC ([@bib77]). A review presenting the pharmacologic modulation of CVC in case of heart failure ([@bib68]) mentioned drugs affecting: a) the renin-angiotensin-aldosterone system which includes, angiotensin-converting enzyme inhibitor, often used in therapies to increase CVC ([@bib30]), and angiotensin receptor blockers; b) the sympathetic nervous system, with beta-adrenergic antagonists (beta-blockers); and finally c) vasodilator drugs. Further, drugs that increase CVC can include: antidepressant ([@bib16]) - except for non-tricyclic antidepressant ([@bib129]) -, methacholine ([@bib298]), intranasal administration of oxytocin ([@bib198]), and intravenous injection of insulin and glucose ([@bib257]). Finally, placebo may also influence CVC, as placebo serotonin was found to increase CVC in participants who were told it would enhance recovery ([@bib61]). In summary, even if it is often difficult to differentiate between indirect and direct pharmacologic effects on CVC ([@bib68]), a broad range of drugs and molecules were found to be linked to CVC changes.

##### 2.2.1.2.2. Vagus nerve stimulation {#sec2.2.1.2.2}

The second category refers to direct vagus nerve stimulation, which is an invasive technique using an electrode and a pulse generator/battery with a connecting extension or lead. The electrode is placed in contact with the vagus nerve at the level of the neck, and direct vagus nerve stimulation has the potential to increase CVC ([@bib286]). Given the broad neural vagal network, it is recognised that vagus nerve stimulation may exert a neuromodulatory effect to activate certain "protective" pathways for restoring health, in inflammatory conditions ([@bib31]; [@bib33]) and many others ([@bib296], [@bib297]).

##### 2.2.1.2.3. Transcutaneous vagus nerve stimulation {#sec2.2.1.2.3}

If vagus nerve stimulation is investigated as a potential therapy for a range of conditions, the invasive nature and costs limits its use. Therefore a non-invasive method was developed, through electrical stimulation of the auricular branch of the vagus nerve distributed to the skin of the ear, hence being called transcutaneous ([@bib54]). The stimulation of the ear, through electrical current, proved to be able to increase CVC, while this was not the case for manual stimulation ([@bib148]).

##### 2.2.1.2.4. Brain stimulation {#sec2.2.1.2.4}

The third category is brain stimulation. Several techniques of brain stimulation exist, such as repetitive transcranial magnetic stimulation, transcranial direct current stimulation, transcranial pulsed current stimulation, deep brain stimulation, and electroconvulsive therapy.

Repetitive transcranial magnetic stimulation is achieved through the repetitive application of a train of high-frequency or low-frequency magnetic pulses on a brain area, which allows respectively the increase ([@bib243]) or the decrease ([@bib49]) in cortical excitability even beyond the duration of the train of stimuli. CVC increase was shown specifically through prefrontal repetitive transcranial magnetic stimulation ([@bib100]).

Transcranial direct current stimulation is a neuromodulatory technique in which the exposed tissue is polarized, the spontaneous neuronal excitability and activity being modified by a tonic de- or hyperpolarization of resting membrane potential, the size of the induced changes depending on current intensity used ([@bib197]). It has been found to be able to increase CVC ([@bib42]).

Transcranial pulsed current stimulation is a new paradigm derived from transcranial direct current stimulation, based on the fact that conversion of direct current into unidirectional pulsatile current increases its efficacy to enhance corticospinal excitability ([@bib120]). It can also increase CVC ([@bib184]).

Deep brain stimulation employs chronically implanted electrodes in the brain to electrically stimulate neuronal networks ([@bib4]), and has also been shown to increase CVC ([@bib260]).

Finally, electroconvulsive therapy, formerly known as electroshock therapy, is used in psychiatric treatment whereby seizures are electrically induced in patients in order to provide relief. Seizure activity might actually act as a regulator of neurogenesis in the adult brain ([@bib229]) and has been found to increase CVC ([@bib191]).

##### 2.2.1.2.5. Carotid baroreceptors stimulation {#sec2.2.1.2.5}

Carotid baroreceptors stimulation is a non-invasive procedure. This can be achieved mechanically by neck suction ([@bib298]), and also electrically ([@bib166]). Indeed, carotid baroreceptors can be stimulated non-invasively by externally applying focal negative pressure bilaterally to the neck and this might trigger an increase in CVC ([@bib298]).

##### 2.2.1.2.6. Esophageal electrostimulation {#sec2.2.1.2.6}

Direct access to vagal afferent fibres in the distal esophagus is possible through the use of specifically designed esophageal catheter/manometer probe. The effect of vagal afferent electrostimulation at this level, playing the role of a visceral sensory input, was shown to provoke increases in CVC ([@bib82]).

##### 2.2.1.2.7. Oxygen inhalation {#sec2.2.1.2.7}

Oxygen inhalation can provoke a CVC increase as a direct or indirect effect of hyperoxia (e.g., [@bib298]). Researchers used for example an oxygen percentage in the inspired gas of 60% ([@bib298]), or delivered air as a rate of 15 L/min, which increased CVC ([@bib289]).

##### 2.2.1.2.8. Continuous airway positive pressure {#sec2.2.1.2.8}

Continuous airway positive pressure works with a ventilator, which keep the airways continuously open through the application of mild air pressure. Some respiratory diseases such as obstructive sleep apnoea ([@bib128]) and chronic obstructive pulmonary disease ([@bib222]) are associated with vagal over activity. Applying continuous airway positive pressure helps in this case to reduce this vagal over activity, in other words to decrease CVC.

Overall, somatic interventions and stimulation methods proved to be efficient ways to reliably influence CVC. We should however notice that most of these procedures are only conducted in people with serious cardiac/neurological diseases. In the majority of cases an increase of CVC is positively associated with health, which would be in line with the predictions of the neurovisceral integration model ([@bib271]). However, for specific medical conditions which are linked to an excessively high CVC, like obstructive sleep apnoea ([@bib128]) and chronic obstructive pulmonary disease ([@bib222]), a decrease in CVC is needed in order to restore a healthy condition. If somatic interventions and stimulation methods generally require the assistance of medical professional, in the next category we describe simple behavioural strategies that can be used by every individual to influence its CVC level.

#### 2.2.1.3. Behavioural strategies {#sec2.2.1.3}

Behavioural strategies represent all the organised actions taken by an individual in the pursuit of a goal. They encompass a broad range of activities, including nutrition, non-ingestive oral habits, water immersion, body temperature reduction, sleep habits, relaxation methods, cognitive techniques, praying, media entertainment, music, and then exercise.

##### 2.2.1.3.1. Nutrition {#sec2.2.1.3.1}

Regarding nutrition, three aspects of nutrition have been investigated: diet, beverages and supplementations.

###### 2.2.1.3.1.1. Diet {#sec2.2.1.3.1.1}

The diet refers not only to what but also in which way a person eats. Certain foods will contribute to increasing CVC, for example: pistachio nuts ([@bib231]), soy oil ([@bib112]), yoghurt enriched with bioactive components ([@bib119]), green leafy vegetables ([@bib204]), and fatty fish ([@bib101]) like salmon ([@bib102]). Further, some foods will trigger CVC recovery from stressful events, such as chocolate enriched with gamma-aminobutyric acid (H. [@bib193]). Regarding lifestyle diets, vegetarians were found to have higher CVC ([@bib90]). Fasting showed ambivalent results: an acute fast, representing a stressor for the organism, tends to lower CVC ([@bib174]) while long-term caloric restriction ([@bib256]) leads to an increase in CVC, which can be linked to findings related to weight loss ([@bib245]). Finally, food digestion reduces CVC ([@bib167]). Taken together, these results suggest that people can easily influence CVC when taking care of their diet.

###### 2.2.1.3.1.2. Beverages {#sec2.2.1.3.1.2}

In a similar vein to food, beverages can also influence CVC. For example, coffee ([@bib225]) and water ([@bib108]; [@bib228]) are differently associated to CVC, according to the dose. On an acute level, a high level of alcohol consumption will decrease CVC ([@bib230]), while moderate alcohol intake can enhance CVC ([@bib218]). Taken together, those findings indicate that beverages are an easy way to influence one\'s CVC level, given their pervasive presence in our everyday lives.

###### 2.2.1.3.1.3. Supplementations {#sec2.2.1.3.1.3}

Several supplementations were found to increase CVC, from omega-three fatty acid ([@bib232]) and DHA-rich fish oil supplementation ([@bib246]), which reflects the findings about fatty fish, to vitamin B12 ([@bib259]), vitamin D ([@bib102]), magnesium ([@bib5]), multi-vitamin-mineral preparation supplemented with guarana ([@bib209]), and lavender capsules ([@bib37]). Finally, CVC was found to be increased by some herbs including Ginseng, Oriental Bezoar and Glycyrrhiza ([@bib300]). In summary findings show that supplementation can be a reliable way to increase CVC.

##### 2.2.1.3.2. Non-ingestive oral habits {#sec2.2.1.3.2}

This section covers habits, daily activities that are repeated automatically, that are specifically linked to non-ingestive oral practices i.e. oral stimulation without swallowing action. Habits such as tobacco smoking ([@bib18]; [@bib106]; [@bib247]), waterpipe smoking ([@bib55]), inhaling second-hand tobacco smoke ([@bib299]), and chewing gum ([@bib242]) were found to provoke a decrease in CVC. Overall, the current findings related to non-ingestive oral habits would point toward a negative association with CVC.

##### 2.2.1.3.3. Water immersion {#sec2.2.1.3.3}

Water immersion refers to the immersion of either the full body or only part of it in water. Water immersion may increase CVC: for example apnea in the form of scuba diving ([@bib50]), or face immersion producing the diving reflex ([@bib131]). Moreover, cold water immersion was found to facilitate CVC recovery in comparison to warm water ([@bib65]). Overall water immersion appears as an efficient way to increase CVC, when appropriate water temperature is taken into consideration.

##### 2.2.1.3.4. Body temperature reduction {#sec2.2.1.3.4}

Given hot temperature is associated to reduced CVC, cooling techniques might prove to be efficient in this case to increase CVC after exposure to hot environment, such as with ice packs and fan cooling with intermittent water spray ([@bib160]) or with cryostimulation ([@bib103]). Taken together, those results suggest that cooling techniques have the potential to increase CVC, however future research should also investigate whether this is the case without prior exposure to heat or without prior exercise.

##### 2.2.1.3.5. Sleeping habits {#sec2.2.1.3.5}

We refer here to sleep as a natural periodic suspension of consciousness, contributing to recovery and restoration of the organism, which makes it a good candidate to influence CVC. It has been found for example that sleep deprivation ([@bib69]), short sleep duration caused by insomnia ([@bib252]) and rotating shift work ([@bib293]) can cause decreases in CVC. In contrast, higher subjective and objective sleep quality markers are linked to higher CVC ([@bib291]), with differences associated to the sleep stages, CVC being higher during the non rapid eye movement sleep stage in comparison to the rapid eye movement sleep stage ([@bib23]). Overall, findings indicate that regular and sufficient sleep is profitable for CVC.

##### 2.2.1.3.6. Relaxation methods {#sec2.2.1.3.6}

Relaxation methods have shown to have positive effects on CVC and are achieved by a number of different methods. Relaxation is defined here by any act that is purposively realized to make a person feel focused and calm. Among the different relaxation methods to increase CVC, we find acupuncture ([@bib132]), hypnosis ([@bib14]) -- for mixed findings, see as well [@bib150] -, left nostril breathing ([@bib201]), massages (A. P. [@bib248]), meditation with mindfulness training ([@bib92]), Qigong (a combination of posture and breathing exercises) ([@bib47]), Reiki (a hands-on-healing technique) ([@bib70]), slow paced breathing ([@bib149]; [@bib290]), theta-frequency binaural beats ([@bib176]), and yoga ([@bib145]). Overall, relaxation methods appear an efficient way to increase CVC, which is in line with their recognised role in our societies as stress management techniques.

##### 2.2.1.3.7. Cognitive methods {#sec2.2.1.3.7}

Cognitive methods may also play a role on CVC. Purely cognitive methods, such as cognitive reappraisal, have shown for example to enhance CVC specifically when while watching anger-inducing videos ([@bib67]), while cognitive behavioural therapy have been found to increase CVC in severely depressed patients ([@bib45]). Overall we can expect a positive influence of cognitive methods to influence CVC, however research needs to disentangle purely cognitive methods from other strategies, which are often mixed in cognitive behavioural therapy for example.

##### 2.2.1.3.8. Praying {#sec2.2.1.3.8}

Prayer is a central part of religions. It involves seeking and responding to the Divine and includes an orientation towards one\'s own or to others struggles, regrets, needs or desires ([@bib56]). Praying ([@bib73]) and spirituality in general is associated with higher CVC ([@bib26]). Those results would point toward a positive relationship between CVC and religious actions and beliefs.

##### 2.2.1.3.9. Media entertainment {#sec2.2.1.3.9}

Media entertainment refers to the pleasant experiences of users while spending time with the media, like watching TV, playing video games, etc. ([@bib287]). Overall the studies point towards a negative association between media entertainment and CVC reactivity (i.e., this is to say inducing a decrease from resting CVC), like with fear-inducing film scenes ([@bib93]), playing a car simulation race game ([@bib258]), or playing video games that include shock-avoidance situations ([@bib179]).

Regarding a different usage, video games can also be used as a therapy, and for example a video game specially designed to treat mental disorders characterised by problems in impulse control has been shown to increase resting CVC ([@bib81]).

In sum, current literature points more towards a negative association between media entertainment and CVC. However, overall the focus was mainly on movies or video games involving a high degree of arousal, which is usually associated to a lower CVC ([@bib40]). Therefore exploring whether there is a "positive side" of media entertainment on CVC stills needs to be researched.

##### 2.2.1.3.10. Music {#sec2.2.1.3.10}

Within this section we consider music as an art to organise sounds in time in order to express ideas and emotions through elements such as rhythm, melody, and harmony. We thus distinguish music as a behavioural strategy for the individual, who can either be listening to music or physically playing music, in comparison to being exposed to sounds from the environment, a subcategory which will be discussed later in the environment dimension. The general "calming" or "stimulating" properties of the music seem to impact CVC. When listening to sedative music, CVC is significantly higher in comparison to listening to excitative music ([@bib118]). Further, researchers tried to identify links between type of music and CVC, but findings appeared to be mixed. For example in some cases classical music ([@bib283]) in comparison to rock or noise increases CVC, while in other circumstances it will have no effect ([@bib302]). Similar mixed findings appeared for heavy metal music, that has been found to provoke either an increase ([@bib87]) or decrease ([@bib59]) in CVC. In summary, differentiating the effects of type of music on CVC based on the type of music seems so far inconclusive. Further research is required in order to identify the music properties that are linked to CVC changes, potentially taking into account the musical preferences of the listener.

Physically playing music has also an effect on CVC. For example, singing can increase CVC ([@bib97]), while playing expressive piano music in comparison to non-expressive piano music was found to decrease CVC given the increase in arousal level ([@bib192]).

The effects of playing and listening music can be combined in therapy. When participating in long-term (minimum duration: six months) music therapy, which includes: singing, listening to music, learning the recorder and performing music, CVC increases significantly ([@bib52]).

Overall, music seems to be a reliable and simple way to influence CVC, which makes it an appealing strategy to use given its place in our everyday lives.

##### 2.2.1.3.11. Exercise {#sec2.2.1.3.11}

In this section we refer to exercise as a planned mode of physical activity, and we differentiate between the effects on CVC during and after exercise. While during the exercise CVC will drop in order to provide the necessary activation to the body, after a certain time after exercise stops, CVC starts to rise again. This action of vagal reactivation illustrates the health of the vagal system ([@bib253]). On the long-term, moderate aerobic training increases CVC ([@bib104]). Athletes and physically active individuals mostly display increased CVC when compared to non-athletes ([@bib227]). Overall, integrating regular physical activity to one\'s lifestyle seems a straightforward way to increase CVC on the long-term.

Taken together, these findings linking behavioural strategies and CVC functioning are very encouraging, because they illustrate the fact that individuals can influence their CVC through specific voluntary actions ([@bib271]). This gives them an aspect of control on areas of their lives related to cognition, emotions, and health. In addition, such categorisation might trigger some theory development. For instance, the effects on CVC of one of the strategy identified, slow paced breathing, can even be explained by a dedicated theory, the resonance frequency model ([@bib159]). This shows us that the unifying conceptual framework of factors influencing CVC can allow identifying the areas where the predictions of the neurovisceral integration model ([@bib271]) apply as expected. It can also identify the areas where further theoretical development might be required in order to explain the precise effects on CVC.

2.3. Environment {#sec2.3}
----------------

Within this section we focus on the environment dimension of the framework. This is defined as factors influencing CVC that stem directly from the social and physical aspects of the environment.

### 2.3.1. Social environment {#sec2.3.1}

The social aspects of the human environment reflect the regular contact of the individual with other humans and animals, as well a lack of it.

#### 2.3.1.1. Contact with humans {#sec2.3.1.1}

The association of social aspects with CVC starts very early in life ([@bib89]). CVC of preterm infants can be increased via skin-to-skin contact, also known as kangaroo care ([@bib85]). The quality of care giving received in the early years of life is associated to a higher CVC in infants ([@bib35]), conversely children with coercive-preoccupied patterns of attachment show a lower resting CVC ([@bib142]), while being separated from the attachment figure elicits vagal withdrawal in young children ([@bib200]). Findings concerning contact with other human beings show that social contact and support, or even the subjective feeling of social support, is associated to higher CVC ([@bib173]). Further, low levels of social integration is associated with lower CVC ([@bib96]). As a physical manifestation of social support, touch plays an important role as well, and physical contact has been found to increase CVC (R. [@bib86]). Furthermore, marriage ([@bib220]), love ([@bib234]) and sexuality ([@bib57]) may contribute to increase CVC.

Overall, social contact seems to have a positive association with CVC, which reinforces the view of humans being by nature social beings. Importantly, the role of social contact can be extended to animals, as we see in the subsequent section.

#### 2.3.1.2. Contact with animals {#sec2.3.1.2}

It has been found that animal contact have very positive effects on CVC. For example, ambulatory assessments showed that owning a pet ([@bib3]) and going for a walk with a dog, as well as patting and talking to a dog ([@bib188]) were found to enhance CVC.

Taken together, these results show that low CVC is associated to a lack of social contact and support, and that closer contact to humans or animals is linked to higher CVC, which would be in line with the neurovisceral integration model ([@bib271]) and the polyvagal theory ([@bib215]), which positively link CVC to social functioning.

### 2.3.2. Physical environment {#sec2.3.2}

Aside from social factors, physical factors of the environment may have an impact on the modulation of CVC, through aroma, light, temperature, sound, and the outdoor environment.

#### 2.3.2.1. Aromas {#sec2.3.2.1}

Regarding aromas, this subcategory refers to the emanation of odour molecules which are perceived by the sense of smell ([@bib29]). Positive effects on CVC have been found for lavender aromatherapy ([@bib74]; [@bib172]), Cedrol, which can be found especially in essential oils of pine trees ([@bib62]), and for Yasmin tea ([@bib117]). The current evidence hints to a variety of aromas that can be used to increase CVC, while the reaction of displeasing or foul odours on CVC still needs to be investigated.

#### 2.3.2.2. Lights {#sec2.3.2.2}

Regarding the exposure to lights, we refer to the octaves of electromagnetic radiation which the organs of sight react to ([@bib171]). Both light exposure and the absence of lights have been found to be associated positively to CVC: for example, bright light exposure can enhance CVC in patients with severe depression ([@bib221]), and oscillating coloured light proved to increase CVC more so than white light ([@bib99]), however these effects may be different according to the colours used ([@bib99]; [@bib233]). Conversely, turning off the lights is linked to increase in CVC ([@bib36]), potentially as this links to preparatory systems that allow the organism to rest. In summary, light exposure seems to have positive effects on CVC, however the explicit role of specific colours and interdependencies with disorders need further research.

#### 2.3.2.3. Sounds (excluding music) {#sec2.3.2.3}

The subcategory of sounds is defined by as pressure waves caused by vibrating objects ([@bib161]), which are interpreted as sound by the hearing organs. We differentiate here from music in the sense we consider sounds as part of the environment of the person, while we consider music as something the person makes an active decision to indulge in, for example to sing, play, or listen. It makes sense that sounds which we subjectively perceive as displeasing lead to a decrease of CVC, examples of this include sounds of violence and the crying of a baby ([@bib276]), higher levels of noise exposure in an individuals daily life ([@bib144]), isochronous tones and music-like noise in comparison to a silence condition ([@bib143]), and mechanical sounds, in comparison to bird twitters and synthesiser music ([@bib294]). On the other hand, listening to sounds of nature in a virtual natural environment produced an increase in CVC in comparison to being exposed to a virtual natural environment without sound and to a control group ([@bib8]).

Overall, sounds are associated either positively or negatively CVC, and individuals should be aware of their soundscape environment given this potential influence.

#### 2.3.2.4. Temperature {#sec2.3.2.4}

Regarding temperature, reflecting the degree of heat in the surrounding environment, CVC is influenced by hot and cold environments. Ambient heat exposure decreases CVC ([@bib41]) and specifically avoiding higher ambient temperatures in the warm season is linked to increased CVC in elderly people ([@bib223]). Moreover, in younger individuals CVC decreases in hot ambient conditions while it does not change in cold or baseline conditions ([@bib250]). Concerning cold, an acute exposure to a cold environment provokes a minor increase in CVC, which becomes more important after acclimation ([@bib169]). Finally, abrupt changes in temperature provoke a CVC withdrawal, until the point at which the organism adapts ([@bib208]). As a summary, it seems that hot environments tend to decrease CVC, while cold environment seem to maintain or increase it, even after adaptation periods if abrupt changes are experienced.

#### 2.3.2.5. Electromagnetic fields {#sec2.3.2.5}

Electromagnetic fields are physical fields produced by electrically charged objects. They are emanating from electrical power supply lines and various types of electrical equipment, such as visual display terminals, fluorescent lights, household appliances and televisions, and mobile phones ([@bib126]). The exposure to medium-frequency electromagnetic fields might provoke a decrease in CVC ([@bib34]). However, the dose question remains to be elucidated: for example effects from mobile phone are not clear, because researchers found no effect of electromagnetic fields from mobile phone on CVC ([@bib202]). Hence, further research needs to investigate the dose-response relationship concerning electromagnetic fields.

#### 2.3.2.6. Outdoor environment {#sec2.3.2.6}

The penultimate subcategory for the physical environment is the outdoor environment surrounding the individual, which does not clearly affect one particular sensory organ. Furthermore, we distinguish between natural environment (i.e., forest) and urban environment (i.e., city). It has been found that walking in the forest ([@bib158]) or in a park ([@bib251]) compared to walking in the city leads to improved CVC. It may be necessary to be physically present within a natural environment to see the effects on CVC ([@bib113]), because just seeing a virtual natural environment had no effect on CVC ([@bib8]). Polluted air, either outside ([@bib211]) or in a room (L. Y. [@bib162]) was found to decrease CVC, as well as exposure to ambient ozone ([@bib125]) and the chronic exposure to organic solvents ([@bib190]). Overall, findings would suggest that natural environments are linked to higher CVC in comparison to urban environments, however even if dwellings are situated in a city walking in a park may provoke some increase in CVC.

#### 2.3.2.7. Altitude {#sec2.3.2.7}

Altitude, the height of a point in relation to sea level or ground level, may also influence CVC. For example, people who are born at high altitude have a naturally higher CVC which even remains after a long period of residence at sea level ([@bib301]). Conversely, CVC significantly decreases when individuals reach an altitude of 2700 meters, when compared to 170 meters ([@bib280]), and this was also found at 3440 meters when compared to sea level ([@bib114]). Enhanced resting CVC was found to be a marker of the organism adaptation to high altitude hypoxia ([@bib27]; [@bib205]). When individuals come back from a stay in moderate altitude (1500 m--2500 m) it has a positive effect on CVC ([@bib235]). Finally, living on the highest floors of high-rise air-conditioned buildings increases CVC when compared to the lower floors (P. C. [@bib163]). Overall it seems that dwelling at a higher altitudes will firstly provoke a decrease in CVC. However after an adaptation period CVC can reach its initial level or even a higher level than before, and these levels are preserved to some extent when returning to sea level. Thus a stay at altitude may have long-term positive consequences on CVC.

In summary, findings showed that our physical environment may have a strong influence on our CVC, which highlights the need to carefully consider our physical surroundings. This nicely complements the neurovisceral integration model ([@bib271]) regarding the adaptation properties of CVC, allowing to clearly identifying the role of the physical components of the environment over the adaptation of the organism.

As a general overview of the environment dimension, we can conclude that both the social and physical aspects of environment play a role on CVC, which helps to make people aware of the importance of their surroundings regarding CVC.

2.4. Person/Environment {#sec2.4}
-----------------------

Within this section we focus directly on the interactions between the person and the environment dimensions. This is defined as factors influencing CVC that stem directly from multiway interactions, or transactional processes, between the person and the environment. This specifically concentrates on different levels including: physical, mental, and health-related. Given the fact we consider the transaction between the person and the environment, we will refer to those levels in terms of stressors, based on [@bib157].

When defining stressors, we build on the classical definition by Selye (p.32) regarding stress: "the non specific response of the body to any demand made on it" ([@bib239]). As the terminology can be seen as vague and has been the object of numerous debates (see for example [@bib133]; [@bib224]), we will precisely define what we mean when discussing stress. When talking about the factors influencing CVC, we refer to the *demands* that affect CVC, while the *consequences of those demands* reflect CVC increase/decrease, which Selye refined later as *stressor* vs. *stress* ([@bib240]). Those demands can be either physical or mental. Further, we build on this stressor definition to create a last category of health-related stressors, which reflects the fact that health is at the interplay between the characteristics and actions of a person and his/her adaptation to the environment. The demands will hence be physical, mental, and health-related; and the consequences of those demands will reflect the changes on CVC, either increasing or decreasing it.

### 2.4.1. Physical stressors {#sec2.4.1}

In this section we will refer to the physical demands as physical stressors. In terms of reactivity, physical stressors require a vagal withdrawal in order for the organism to meet the physical demands of the task (Y. [@bib194]; [@bib253]). This reflects the evolutionary role of CVC as a "call to arms" mechanism to nurture the fight or flight response ([@bib214], [@bib215]; [@bib271]). The fight or flight response, evolutionary associated respectively with subjective experiences such as rage and panic, is associated with near complete CVC withdrawal ([@bib21]; [@bib212], [@bib213]). This CVC withdrawal facilitates large increases in cardiac output by the sympathetic nervous system, which no longer faces the opposition of vagal inhibition. During the transition from rest-to-exercise, the increase in heart rate to meet the physical demands is predominantly mediated by CVC withdrawal and after this CVC withdrawal by an increase in sympathetic activity ([@bib79]; [@bib168]). CVC will also decrease at times of physical fatigue ([@bib13]). Importantly the level of CVC withdrawal during the physical stressor, as well as the amplitude and kinetics of CVC recovery, will depend mainly on the intensity of the physical stressor rather than on the duration ([@bib253]). Moreover, the initial fitness levels of the person will influence both the amplitude and kinetics of vagal recovery, individuals having a greater aerobic fitness will recover faster ([@bib253]).

### 2.4.2. Mental stressors {#sec2.4.2}

Demands can also be mental, which we coin as mental stressors. These be defined in line with the work of [@bib157], p. 19) who refer to mental stressor as a "relationship between the person and the environment that is appraised by the person as taxing or exceeding his or her resources and endangering his or her wellbeing". This is a complimentary link to the fact that the appraisal of threat is a central aspect to a decrease in CVC, as opposed to an appraisal of safety ([@bib271]). Mental stressors can also be coined as pressure ([@bib151]; [@bib155]; [@bib156]; [@bib185], [@bib186], [@bib187]). Further, we want to acknowledge that the mental stressor influence on CVC might be very individualised according to the appraisal process ([@bib157]). For example the magnitude of CVC withdrawal can depend on the degree of threat appraisal ([@bib271]). Mental stressors may be mainly cognitive ([@bib111]) or emotional ([@bib281]), and both will be able to induce a decrease in CVC. A trauma could be considered as an acute case of mental stressor. A trauma reflects the exposure to a traumatic or stressful event and the consequent disruption for the individual in his/her ability to respond adequately to a perceived threat related to the traumatic/stressful event, which is associated to a lower CVC at rest ([@bib94]).

In summary, physical and mental stressors will tend to provoke a decrease in CVC. The magnitude of the reactivity and of the following recovery may depend on individual characteristics. Examples of this include initial fitness levels for physical stressors ([@bib253]), and the appraisal of the individual regarding mental stressor ([@bib157]; [@bib271]).

### 2.4.3. Health-related stressors {#sec2.4.3}

In this category, we consider all health-related issues linked to CVC. We refer to them as stressors because they stem from a transaction between the person and the environment, and they reflect the interplay between the characteristics and actions of a person and his/her adaptation to the environment. We acknowledge that some of the health-related stressors mentioned here could also originate from previously included elements, however for brevity and clarity they will be displayed here. They will range from cross-dimensional phenomena such as pain, inflammation, and fatigue, then they will be detailed, following a generally acknowledged higher-order organisation of medical conditions starting with symptoms, syndromes, disorders, and then diseases as over-encompassing dimension. Finally, we will describe the category addictions. Please be aware that for all mentioned health-related stressors a bidirectional relationship can be expected with CVC. This means that a low CVC can ease the apparition of a health-related stressor, and in turn a health-related stressor can also provoke a decrease in CVC. A strong argument for considering CVC in health-related stressors is that overall, CVC\'s association to self-rated health is stronger than inflammatory and other frequently used biomarkers ([@bib121]).

#### 2.4.3.1. General mechanisms {#sec2.4.3.1}

##### 2.4.3.1.1. Pain {#sec2.4.3.1.1}

Pain includes a prominent affective-motivational component ([@bib177]), and the predisposition towards unregulated affective responding to environmental demands might link it to CVC ([@bib10]). Overall low CVC is linked with pain ([@bib10]), chronic pain ([@bib135]), chronic pelvic pain ([@bib292]), pain catastrophizing ([@bib134]) and even experimentally induced pain ([@bib136]). Taken together, findings indicate that lower CVC has been linked to altered pain processing.

##### 2.4.3.1.2. Inflammation {#sec2.4.3.1.2}

Inflammation is part of the complex biological response of body tissues to harmful stimuli, such as pathogens, damaged cells, or irritants ([@bib88]). CVC plays a key role in the regulation of the immune response, more specifically regarding its action on the cholinergic anti-inflammatory pathway ([@bib279]). Decreased CVC is linked with increased pro-inflammatory markers, which have negative health consequences. Overall low CVC is linked to low grade inflammation ([@bib122]; [@bib269]).

##### 2.4.3.1.3. Fatigue {#sec2.4.3.1.3}

We refer here to pathological fatigue, thus differentiating physical fatigue for example from acute exercise. This is due to the fact that it has been referred to earlier in terms of a physical stressor which constitutes an adaptive response of the organism. Here fatigue is viewed as a maladaptive response accompanying some pathological states. For example fatigue in cancer patients is associated to lower CVC ([@bib58]; [@bib80]).

#### 2.4.3.2. Medical conditions {#sec2.4.3.2}

The links between lower CVC and general health mechanisms such as altered pain processing ([@bib10]) and inflammation mechanisms ([@bib279]) makes it linked to many medical conditions. Therefore we now discuss the medical conditions linked to CVC according to a generally acknowledged higher-organisation of medical conditions with symptoms, syndromes, disorders, and diseases.

##### 2.4.3.2.1. Symptoms {#sec2.4.3.2.1}

A symptom, according to the Oxford English Dictionary ([@bib261]) is a bodily or mental phenomenon, circumstance, or change of condition arising from and accompanying a disease or affection, and constituting an indication or evidence of it, or a characteristic sign of some particular disease. The symptoms linked with low CVC include for example headache and migraines ([@bib138]) and psychogenic non-epileptic seizures ([@bib210]).

Symptoms can also be associated to high CVC, for example in the case of malaise causing fainting, referred to as vasovagal syncope -- "a sudden transient loss of consciousness and postural tone caused by cerebral hypoperfusion provoked by physiological or emotional stressors" ([@bib75], p. 7). This originates from sympathetic vasoconstrictor withdrawal causing vasodilatation and increased vagus nerve activity thus causing bradycardia. This leads to hypotension and as a result a loss of consciousness. A higher frequency of fainting events is then related to higher CVC ([@bib19]), however in this precise case a higher CVC is considered as dysfunctional for the organism.

Overall, we found evidence for symptoms being linked to low CVC, but there are also some cases of symptoms associated to high CVC like in vasovagal syncope.

##### 2.4.3.2.2. Syndromes {#sec2.4.3.2.2}

A syndrome, according to the Oxford English Dictionary ([@bib262]) is a group of symptoms which consistently occur together, or a condition characterised by a set of associated symptoms. Among the syndromes linked with low CVC are for example metabolic syndrome ([@bib123]), the irritable bowel syndrome ([@bib175]), and the Tourette syndrome ([@bib105]). Overall, we find evidence for syndromes being linked to low CVC.

##### 2.4.3.2.3. Disorders {#sec2.4.3.2.3}

A disorder, according to the Oxford English Dictionary ([@bib72]), is a disturbance of the bodily or mental functions, not implying structural change. Among disorders, we describe psychopathology/psychiatric disorders, eating disorders, functional somatic disorders, and breathing disorders.

###### 2.4.3.2.3.1. Psychopathology/Psychiatric disorders {#sec2.4.3.2.3.1}

Health-related stressors stemming from abnormal or non-functional self-regulatory function can be known as pathophysiology, and they originate or are linked with autonomic dysfunction. Low resting CVC may reflect a common psychophysiological mechanism that underpins particular difficulties in emotion regulation and impulsivity ([@bib137]), in line with the use of CVC as a marker of emotion regulation in healthy adults ([@bib17]). In particular, low resting CVC and excessive CVC reactivity (i.e., withdrawal) have been consistently observed in a wider range of emotion regulation related disorders ([@bib20]). These include anxiety, phobias, attention problems, autism, callousness, conduct disorder, depression, non-suicidal self-injury, panic disorder, and trait hostility ([@bib20]). Additional psychiatric disorders linked to low CVC can include for example: borderline personality disorder ([@bib137]), acute psychosis ([@bib284]), post-somatic stress disorder ([@bib94]), and schizophrenia ([@bib53]; [@bib182]). Overall, a large range of psychopathology/psychiatric disorders seems to be linked with low CVC.

###### 2.4.3.2.3.2. Eating disorders {#sec2.4.3.2.3.2}

Eating disorders are considered as mental illnesses defined by abnormal eating habits. Anorexia nervosa and bulimia nervosa are among the most common eating disorders, and they are linked to higher CVC. This is because voluntarily binge-eating and vomiting provokes an alteration in vagal firing patterns, triggering cyclic increases in vagal activity driving in turn the urge to binge-eat and vomit ([@bib83]). For both anorexia nervosa and bulimia nervosa the stress response is also affected, with patients suffering from eating disorder showing an over activity of CVC during a stressful situation ([@bib109]). In relation to eating disorders, food craving is associated to lower CVC ([@bib178]). Overall, the established link between eating disorder and disturbed vagal function may point toward using CVC as a relevant clinical target for eating disorders.

###### 2.4.3.2.3.3. Functional somatic disorders {#sec2.4.3.2.3.3}

Functional somatic disorders are syndromes of related complaints with no known underlying organic pathology ([@bib263]). The "big three" are chronic fatigue syndrome, fibromalgya and irritable bowel syndrome, and they seem to be linked to decreased CVC, however the methodology of the studies should be improved ([@bib263]).

###### 2.4.3.2.3.4. Breathing disorders {#sec2.4.3.2.3.4}

Not all disorders are associated to decreased CVC, which is the case for some breathing disorders. For example, obstructive sleep apnoea is linked with overactive CVC during the night ([@bib51]). Similarly, nasal septum deformities, one of the most frequent reasons for nasal obstruction presented with a reduction in nasal airflow and chronic mucosal irritation, is linked with vagal over activity ([@bib1]). The therapy to address those breathing disorders will then contribute to decrease this vagal over activity, for example with continuous positive airway pressure therapy during the night in the case of obstructive sleep apnoea ([@bib222]).

###### 2.4.3.2.3.5. Other disorders {#sec2.4.3.2.3.5}

Overall, a broad range of disorders is associated to CVC. We reviewed above the main disorders categories, but there are many other that can potentially be linked to CVC, such as fluency disorders like stuttering ([@bib127]), sexual disorders such as female sexual dysfunction ([@bib254]), or gastrointestinal disorders such as functional dyspepsia ([@bib60]), as measured by 24-hour recording.

##### 2.4.3.2.4. Diseases {#sec2.4.3.2.4}

A disease, according to the Oxford English Dictionary ([@bib71]) is a condition of the body, or of some part or organ of the body, in which its functions are disturbed or deranged. Lower CVC has been linked to altered pain processing ([@bib10]) and inflammation mechanisms ([@bib279]), which would direct its link towards diseases and risk stratification of medical accidents.

Cardiovascular diseases have a direct link to CVC. Low CVC is related to cardiovascular diseases ([@bib274]), such as coronary artery disease ([@bib78]) and hypertensive heart disease ([@bib278]). Therefore enhancing CVC is expected to improve cardiovascular condition ([@bib199]; [@bib236]; [@bib237]).

Other than cardiovascular diseases, many other diseases have links with low CVC, for example type 1 diabetes mellitus ([@bib124]) and diabetes associated with cardiac autonomic dysfunction ([@bib282]), early stages of the Parkinson\'s disease ([@bib43]), cancer ([@bib2]), inflammatory bowel disease ([@bib32]; [@bib207]), and epilepsy ([@bib165]).

Finally, when associated to disease, CVC can be linked to risk stratification for medical accidents and predicting death events, such as strokes ([@bib189]), chronic heart failure ([@bib63]), congestive heart failure ([@bib64]; [@bib68]), and sudden unexplained death in epilepsy ([@bib66]).

In summation, findings encompassing symptoms, syndromes, disorders and diseases, albeit with some exceptions, almost always link lower CVC to medical complications.

#### 2.4.3.3. Addictions {#sec2.4.3.3}

Addictions can be defined as the continued use of rewarding stimuli and/or mood-altering substances or behaviours despite adverse consequences ([@bib7]; [@bib226]). Addictions are associated with self-regulation dysfunction, and a lower CVC is associated positively with addiction, which could be depicted as not having enough self-regulatory strength to resist to the temptation. Low CVC has been for example linked to alcohol abuse ([@bib270]), substance cravings among alcohol patients ([@bib115], [@bib116]), internet addiction, (P. C. [@bib164]), and nicotine dependence ([@bib91]; [@bib147]). Refraining from addiction also has effects as a one week smoking abstinence has been found to increase CVC ([@bib180]). Resting CVC plays a role but importantly so does CVC reactivity ([@bib152]; [@bib154]). In regard to smoking, a blunted CVC reactivity (i.e., smaller acute decrease) was linked to a decreased tobacco smoking relapse time, while no links were found with resting CVC ([@bib12]). These findings indicate an association of lower CVC with addiction, as well as an association between blunted CVC reactivity to a stressor and addiction.

In the person-environment dimension, we introduced three main dimensions of influences: physical stressors, mental stressors (being cognitive and emotional), as well as health-related stressors. The findings regarding physical, mental, and health-related stressors fit the self-regulation, adaptation and health functions assumed for CVC by the neurovisceral integration model ([@bib271]). Still, some relationships within the health-related stressors go against the direction predicted by the neurovisceral integration model ([@bib271]), meaning that in those cases a higher resting CVC is associated positively with some dysfunction, such as with breathing disorders ([@bib51]). In this case, the framework provides the opportunity to clearly delineate the predictions of the neurovisceral integration model ([@bib271]) according to specific categories, and potentially identify exceptions that can help to further develop the predictions. For the majority of the factors we identified in this dimension, it might seem at first glance rather counter-intuitive to consider them as influential factors. In hindsight, it seems that those outcomes can simultaneously be input for self-regulation, given the feedback loop involved in any regulation system.Table 1Overview of the unifying conceptual framework of factors influencing cardiac vagal control.Table 112345PersonBiological characteristicsStable biological characteristicsTransient biological characteristicsSomatic interventions and stimulation methodsPharmacologic factorsVagus nerve stimulationTranscutaneous vagus nerve stimulationBrain stimulationRepetitive transcranial magnetic stimulationTranscranial direct current stimulationTranscranial pulsed current stimulationDeep brain stimulationElectroconvulsive therapyCarotid baroreceptors stimulationEsophageal electrostimulationOxygen inhalationContinuous airway positive pressureBehavioral strategiesNutritionDietBeveragesSupplementationsNon-ingestive oral habitsWater immersionBody temperature reductionSleeping habitsRelaxation methodsCognitive techniquesPrayingMedia entertainmentMusicExerciseEnvironmentSocial environmentContact with humansContact with animalsPhysical environmentAromasLightsSounds (excluding music)TemperatureElectromagnetic fieldsOutdoor environmentAltitudePerson/EnvironmentPhysical stressorsMental stressorsHealth-related stressorsGeneral mechanismsPainInflammationFatigueMedical conditionsSymptomsSyndromsDisordersPsychopathology/psychiatric disordersEating disordersFunctional somatic disordersBreathing disordersDiseasesAddictions

3. Conclusions {#sec3}
==============

3.1. Future directions {#sec3.1}
----------------------

In this paper we aimed to provide a unifying conceptual framework of factors influencing CVC ([Table 1](#tbl1){ref-type="table"}), in order to complement the neurovisceral integration model ([@bib271]). This endeavour was critical given the role that CVC plays in regards to cognitive, emotional, social, and (physiological) health regulation ([@bib215]; [@bib271]), which can be evidenced from earlier life ages ([@bib206]). The framework we developed was based on the theory of ecological rationality ([@bib277]), giving sense to the world by understanding human\'s behaviour in terms of the reciprocal influence between a person and the environment. This reflects to some extent the adaptive processes at stake with CVC, as depicted by the neurovisceral integration model ([@bib271]). This view was fitting in our attempt to categorise the factors influencing CVC, as illustrated by [Fig. 1](#fig1){ref-type="fig"}. Although some of the dimensions we identified may not be completely under one\'s control, it is still important to be aware of them, regarding the impact they can have on our lives. One of the most promising aspects of this unifying conceptual framework are the behavioural strategies we identified to increase CVC, which may have implications in order to improve one\'s self-regulation abilities. When this is taken together with the other dimensions it could help people to increase or limit the decrease of CVC by paying attention to their daily routines and activities and to the environment surrounding them.

An important avenue for researchers will be to examine empirically the outcome of CVC changes (either increase or decrease) according to the different factors identified in this framework on cognition, emotion, social, and (physiological) health regulation, considering for example dose-response relationships. This would also examine whether the neurovisceral integration model ([@bib271]) would apply to all cases, meaning that whether CVC would have similar outcomes regardless of the source that influenced it. Therefore before concentrating therapeutic efforts on CVC markers, we need to ensure that their positive influence on CVC will also translate to positive outcomes.

Another factor to be considered in future research is how individual differences might moderate the way factors are associated to CVC. For example the CVC recovery from a physical stressor depending on the initial fitness level of the person ([@bib253]), or the response to an (emotional) mental stressor depending on the initial CVC ([@bib203]). More generally, CVC findings should be systematically considered regarding the characteristics of the sample with which they have been obtained, for example regarding gender, age, clinical condition, etc.

3.2. Potential limitations {#sec3.2}
--------------------------

As a limitation of this work some cautions need to be taken during interpretation of the presented framework. First, the inductive nature of the generation of the categories within the boundaries of ecological rationality implies that the experience of the authors\' played a role in establishing the resulting framework ([@bib275]). We endeavoured to address this issue via discussing our categorization system with experts of ecological rationality theory and CVC research. In addition, we highlight that the current version of this framework is not a fixed overview, but rather a flexible categorization system that may see the appearance of new categories in the future, as well as the fine-tuning of existing ones. Regarding the distinction between the categories, we acknowledge that a clear separation between the person and environment dimensions doesn\'t appear fully plausible, and it seems very likely that the association of environmental factors to CVC is mediated by individual characteristics or processes. Further, we don\'t claim to have been exhaustive regarding the factors influencing CVC, our aim was more to provide the reader with a unifying conceptual framework where all influential factors could potentially be integrated. Therefore, the studies cited serve an illustration purpose, and are by no means attempts to fully comprehensively review the different categories of our framework, which would have been beyond the scope of this paper. In line with this illustration purpose, we did not present any details regarding the mechanisms at stake about how each factor is associated to CVC, and this aspect should be addressed in future focused research. Similarly, the evaluation of the methodological quality of the studies cited was also outside the scope of this paper. Further, given the categorisation aim of this paper, we don\'t report any effect sizes concerning the studies we mention. Meta-analyses on some factors regarding effects on CVC already exist, for example for health-related stressors such as epilepsy ([@bib165]) and schizophrenia ([@bib53]). We hope our unifying conceptual framework will enable researchers to go forward with those meta-analytic efforts, which will be extremely critical to enable to weight the importance of the factors identified in this framework. In addition, we hope researchers will aim to identify the potential moderators interacting with the effects of the factors influencing CVC, and to evaluate the quality of the studies. The context of assessing CVC indicators should also considered more closely, considering for example the implications of assessing them through resting/reactivity laboratory measurements and ambulatory measurement. Furthermore, the reader has to keep in mind that some of the factors we mentioned have a clearly unidirectional influence on CVC (e.g., behavioural strategies, CVC does not influence them in return) while for others the relationship is more likely to be bi-directional (e.g., stressors, CVC being influenced by the stressor but also influencing the stressor in some way).

A further limitation could be that we almost exclusively considered higher CVC as being a positive phenomenon. However, recent evidence may suggest that the adaptive effects linked to increased CVC may be not a linear but rather a nonlinear one, as evidenced with subjective well-being ([@bib139]). This is in line with the argument that some biological processes may cease to be adaptive when reaching extreme levels. In this case it may be important to define cut-off values, as in some cases higher CVC does not mean better, as shown in both laboratory and ambulatory recordings ([@bib140]; [@bib255]).

In addition, despite the apparent ease to assess CVC, we would like to remind future researchers to not neglect basic methodological considerations ([@bib154]; [@bib219]). This is to ensure that changes of CVC parameters really reflect CVC changes and not changes in respiratory frequency for example ([@bib170]), which could help to understand some surprising findings (e.g., [@bib264]).

A last recommendation, we would like to remind the reader that indirect measures of CVC i.e. HRV are not CVC itself, and therefore increases or decreases in, HRV parameters supposed to reflect CVC do not necessarily reflect direct effects on the vagus nerve, as an example this could come from modification of the baroreflex sensitivity ([@bib68]).

3.3. Concluding remarks {#sec3.3}
-----------------------

Despite the limitations outlined above, the added value of this unifying conceptual framework of factors influencing CVC reflects a unique endeavour. This endeavour attempts to link the immense body of work on CVC from a broad range of scientific disciplines. Therefore, the added value of this framework lies at different levels. At the theoretical level, it fosters an all-encompassing framework of the research carried out with CVC, spanning across a broad range of disciplines such as medicine, biology, psychology, etc. From there it can ensure a further development of the neurovisceral integration model ([@bib271]), allowing a systematic empirical test of the factors influencing CVC. This would enable researchers to see whether all factors are associated in the direction predicted by the neurovisceral integration model and eventually refine it to be able to explain findings that suggest a higher CVC does not mean a better outcome ([@bib139], [@bib140]). Ultimately, such endeavour can suitably inform recent theoretical development aiming to provide a multidisciplinary view on self-regulation mechanisms ([@bib38]). The theoretical premises offered by the unifying conceptual framework of factors influencing CVC are also very promising, given it enables to further refine the predictions of the neurovisceral integration model ([@bib271]). At the methodological level, it helps to make researchers aware of all potential confounding factors on their results involving CVC, and provides them with an overview of parameters that they might like to control when designing their experiments. Moreover, it will guide researchers to design their experiments in their choice of variables, whether they aim to increase or decrease CVC. At the applied level, it gives precious indications regarding the factors that could deplete or replenish CVC, which might impact the health, affective and cognitive life of individuals.

Pertinently, it is worth noting that we do not claim that this framework is a conclusive piece of theoretical work -- it is rather a starting point for further study into the area of CVC. By increasing the breadth and depth of research surrounding CVC we can further understand its wide-ranging effects. Consequently, following the recommendations that can be derived from this framework, it may have huge implications in helping to foster a healthier population, which can be considered as the building blocks for a flourishing society.
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